Infection with the intracellular protozoan parasite Toxoplasma gondii causes serious public health problems and is of great economic importance worldwide. The micronemal protein MIC3, which is a potent adhesin of T. gondii, could be a significant candidate vaccine against toxoplasmosis. In this study, all CBA/J mice intramuscularly vaccinated with a plasmid encoding the immature form of the MIC3 protein (pMIC3i) produced specific anti-MIC3 immunoglobulin G (IgG) antibodies, and their sera displayed high antibody titers. This response was increased by the coadministration of a plasmid encoding the granulocyte-macrophage colony-stimulating factor (pGM-CSF). Similarly, a specific and significant cellular immune response was obtained in mice immunized with pMIC3i, and this response was markedly enhanced by pGM-CSF coadministration. The cellular immune response was associated with the production of gamma interferon IFN-␥ and interleukin-2 (IL-2), indicating that this was a Th1-type response. This was confirmed by the production of large amounts of IgG2a. Mice immunized with pMIC3i displayed significant protection against an oral challenge with T. gondii 76K cysts, exhibiting fewer brain cysts than did the control mice. Coadministration of pGM-CSF enhanced this protection. In conclusion, this study describes the design of a potent DNA vaccine encoding the novel T. gondii target antigen, MIC3 protein, that elicits a strong specific immune response as well as providing effective protection against T. gondii infection. In the attempt to achieve complete protection against toxoplasmosis, MIC3 is a good candidate vaccine which could be combined with other relevant and previously described candidates, such as SAG1 and GRA4.
Toxoplasma gondii is an obligate intracellular protozoan parasite that infects all warm-blooded animals, including humans, and causes toxoplasmosis. This broad host range makes it one of the most successful protozoan parasites. In primary human infections, various mild symptoms may be observed, such as lymphadenopathy, low-grade fever, mild malaise, sore throat, and lethargy. Immunosuppressed patients may exhibit severe symptoms, including encephalitis, myocarditis, pneumonitis, hepatitis, splenomegaly, polymyositis, dermatomyositis, chorioretinitis, and multisystem organ failure. In pregnant women, congenital infection can lead to miscarriage, neonatal malformations, or other defects occurring during the development of the fetus, such as blindness or severe cognitive impairment (22, 37) . In animals, toxoplasmosis is of great economic importance worldwide because it causes abortions, stillbirth, and neonatal loss in all types of livestock, especially in sheep and goats (10) . In addition, the tissue cysts of T. gondii in meat of infected livestock are an important source of infection for humans (21) .
This great worldwide importance for public health and economics of T. gondii infection makes the development of an effective vaccine for controlling this infection an important goal. So far, the only developed vaccine is the live, attenuated tachyzoite S48 (11) . However, this vaccine is not widely accepted because of its side effects, short shelf life, and high cost. Live vaccines also carry a risk of accidental infection of humans and unexpected harmful reverse mutations. In an attempt to overcome these problems, current research is investigating subunit, recombinant and DNA vaccines, but they do not provide complete protection against T. gondii infection (7) .
We have focused on the development of a DNA-based vaccine because such vaccines have been shown to elicit potent, long-lasting humoral and cell-mediated immunity, as well as providing protection against viral, bacterial, and parasitic infections (4) .
The most common method used to deliver DNA vaccines is the intramuscular injection, which is known to induce a Th1-type response (31) , which is generally thought to protect the host against T. gondii infection (32) .
Several trials of DNA-based vaccines against toxoplasmosis have been conducted, mainly with mice and various T. gondii antigens, such as membrane-associated surface antigen SAG1 (5, 32) , excreted-secreted dense-granule proteins GRA1 (33, 38) , GRA7 (38) , and GRA4 (18) , and rhoptry proteins ROP2 (29, 38) and ROP1 (14) . These trials have been encouraging, in that they have demonstrated the development of different levels of protection in mice. Among the putative vaccine candidates, the micronemal protein MIC3 (90 kDa) looks particularly promising because it is a potent adhesin of T. gondii (12, 23) , that is expressed in all three infectious stages of T. gondii (tachyzoites, bradyzoites, and sporozoites) and that elicits early and powerful immune responses in mice and humans (M. Lebrun, personal communication).
A number of approaches are being explored that could enhance the efficacy of DNA vaccines, such as the coadministration of cytokine-encoding plasmids (28) . Granulocyte-macro-phage colony-stimulating factor (GM-CSF) is a potent cytokine, and its role as potential vaccine adjuvant has already been investigated (25, 39) . Coadministration of plasmid GM-CSF enhances the DNA vaccine-elicited humoral and cellular immune responses, as well as protection, in several models (26, 40, 41) . All these properties support the use of plasmid encoding GM-CSF as an adjuvant vaccine in this study. The mechanism underlying the adjuvant properties of plasmid encoding GM-CSF may involve increased recruitment of macrophages and dendritic cells at the site of injection (8, 24, 27) .
We describe here the development and evaluation of a DNA vaccine based on a plasmid encoding the immature form of the MIC3 protein, either alone or combined with another plasmid encoding GM-CSF.
In this study, the 76K strain has been used for challenge infection. This strain is a type II isolate, and type II isolates are the predominant isolates in human congenital toxoplasmosis (2, 3) . Protection was evaluated in CBA/J mice, which are markedly resistant to acute toxoplasmosis infection but susceptible to cyst formation and development of toxoplasmosis encephalitis in chronic infection. As a protective criterion, we chose to evaluate the decrease in brain cyst load, since the number of brain cysts is one of the most important factors that determine the development of toxoplasmic encephalitis (9, 16, 36) .
MATERIALS AND METHODS

Animals.
Female CBA/J mice (H-2 k ), 6 to 8 weeks old, were obtained from Janvier (Le Genest St. Isle, France) and maintained under pathogen-free conditions in our animal house for use throughout these experiments.
Parasites. Two strains of T. gondii (RH and 76K) were used in this study. The RH strain tachyzoites were harvested from the peritoneal fluids of Swiss OF1 mice that had been intraperitoneally infected 3 to 4 days earlier. The 76K strain cysts were obtained from the brains of orally infected CBA/J mice and maintained by monthly passage.
Preparation of TAg. T. gondii antigen (TAg) was prepared from RH strain tachyzoites as previously described (34) . Briefly, the obtained tachyzoites were washed and sonicated for three 10-min periods at 60 W/s. The toxoplasma sonicate was centrifuged at 2,000 ϫ g for 30 min. The protein concentration was determined in the supernatant, which was later used as the source of antigen, by the Micro BCA protein assay reagent kit using bovine serum albumin (BSA) as the standard (Pierce, Rockford, Ill.). The TAg was stored at Ϫ80°C until use.
Plasmid construction. The complete MIC3 open reading frame was obtained by PCR amplification of the MIC3 gene from pBluescript II SK-MIC3 (23), using primers 5Ј-GTGTAAGCTTCTTGTCCAACACTGGGTA-3Ј (forward) and 5Ј-CACGGATATCTGCGAATGGGCG-3Ј (reverse), which introduce the HindIII and EcoRV restriction sites, respectively. The amplified DNA fragment was cloned in the HindIII and EcoRV sites of the eukaryotic expression vector pcDNA3 (Invitrogen). The resulting plasmid was named immature pcDNA3-MIC3 (pMIC3i). The plasmid encoding murine GM-CSF (pGM-CSF) was kindly provided by H. C. J. Ertl (Wistar Institute, Philadelphia, Pa.).
Plasmid purification. All the plasmids were purified from transformed Escherichia coli DH5␣ by anion-exchange chromatography (EndoFree plasmid Giga or Mega kit; Qiagen GmBH, Hilden, Germany) as specified by the manufacturer. The purified plasmids were dissolved in sterile endotoxin-free phosphate-buffered saline (PBS; Sigma) and stored at Ϫ20°C. The integrity of the DNA plasmids was checked by agarose gel electrophoresis after digestion with appropriate restriction enzymes. The DNA concentration was determined by measuring the optical density at 260 nm (OD 260 ). The OD 260/280 ratios for the purified DNA were 1.80 to 1.95, indicating that preparations were free of any major protein contamination.
Expression of pMIC3i in vitro. Baby hamster kidney 21 (BHK-21) cells were transfected with either pMIC3i or a control plasmid, pcDNA3, using a polycationic liposome reagent (LipofectAmine; GIBCO BRL) as instructed by the manufacturer. Six-well tissue culture plates were seeded with BHK-21 cells (3 ϫ 10 5 cells/well) in BHK-21 medium (GIBCO BRL) supplemented with 5% fetal calf serum, 2% tryptose, 100 U of penicillin per ml, and 100 g of streptomycin per ml, and the cells were grown until they were about 70 to 80% confluent (18 to 24 h). For each transfection, 1 g of DNA and 10 l of LipofectAmine were used. Western blot analysis. The pellets and supernatant of transfected cells (24 h after transfection) and purified T. gondii tachyzoites (RH strain) were suspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (with or without reducing agent), sonicated, heated at 100°C for 3 min, and separated on a 10% polyacrylamide gel. After electrophoresis, proteins were transferred onto a nitrocellulose membrane, which was probed with anti-MIC3 monoclonal antibody (MAb) T8 2C10 or T4 2F3 (23) or serum obtained from a T. gondii-infected mouse and diluted 1:200 in 5% nonfat dried milk-TNT (15 mM Tris-HCl, 140 mM NaCl, 0.05% Tween 20) as previously described (13) . Bound antibodies were detected using anti-mouse immunoglobulin G (IgG)-alkaline phosphatase conjugate (Sigma) diluted 1:1000 in 5% nonfat dried milk-TNT. Alkaline phosphatase activity was detected using the 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT) liquid substrate system (Sigma). Molecular masses standards (prestained SDS-PAGE standards, low range; Bio-Rad) were used.
DNA immunization. The mice (12 per group) were injected intramuscularly (i.m.), using syringes with 30 1 ⁄2-gauge needles (Microlance; Becton Dickinson), with 100 l of 10 M cardiotoxin (Latoxan, Rosans, France) into each tibialis anterior muscle 5 days before DNA immunization, to enhance the uptake of the plasmid DNA (15) . On days 0 and 14, the regenerating muscles of these mice were injected with 50 g of pMIC3i, either alone or combined with 50 g of pGM-CSF, in 100 l of sterile endotoxin-free PBS (50 l in each muscle) and then boosted on day 28 with 50 g of pMIC3i alone. The control groups were composed of mice injected i.m. with 50 g of empty plasmid, pcDNA3, or 50 g of pGM-CSF three times at intervals of 2 weeks.
Measurement of humoral antibody responses. Serum IgG antibody responses to MIC3 were measured by Western blotting and enzyme-linked immunosorbent assay (ELISA) as follows.
(i) Western blotting. Western blotting was performed as described above. The TAg (60 g/1-cm-wide slot) was separated on a 12% polyacrylamide gel under nonreducing conditions.
(ii) ELISA. Levels of antigen-specific IgG antibodies in serum samples were determined by standards procedures. Briefly, the 96 flat-bottom wells of microtiter plates (Maxisorp; Nunc, Roskilde, Danemark) were coated overnight at 4°C with TAg at 10 g/ml in 50 mM sodium carbonate buffer (pH 9.6). The plates were washed with PBS containing 0.05% Tween 20 (PBS-T20), pH 7.4; nonspecific binding sites were blocked with PBS containing 4% bovine serum albumin (PBS-4% BSA) for 1 h at 37°C. Twofold serial dilutions of serum samples in PBS were added to the wells and incubated for 1 h at 37°C. After the plates were washed, bound antibodies were detected by incubation for 2 h at 37°C with a goat anti-mouse IgG-alkaline phosphatase conjugate (Sigma) diluted 1:2000 in PBS-4% BSA. After the plates were washed in PBS-T20, the bound phosphatase activity was measured with p-nitrophenylphosphate at 1 mg/ml in 1 M diethanolamine buffer (pH 9.8). The reaction was stopped after incubating for 15 min at 37°C by addition of 3 N NaOH; the OD 405 of each sample was then read in a Titertek Multiskan ELISA reader (Flow Laboratories, McLean, Va.). The antigen-specific antibody titer is given as the reciprocal of the highest dilution producing an OD that was 2.5-fold greater than that of the serum of mice injected with the empty plasmid, pcDNA3, at the same dilution. Results are expressed as the means of log 2 titers Ϯ standard deviations (SD).
Determination of the anti-MIC3 IgG subclass. The anti-MIC3 IgG subclass was determined by ELISA as described above, except that sera were added to the plates at a single dilution (1:400 for sera of mice immunized with pMIC3i and 1:800 for sera of mice immunized with pMIC3i combined with pGM-CSF). The alkaline phosphatase-conjugated anti-mouse IgG1, IgG2a, IgG2b, and IgG3 (Cappel, West Chester, Pa.) were used at 1:100 in PBS-4% BSA. The results are expressed as mean OD 405 Ϯ SD.
In vitro lymphocyte proliferation studies. The spleens were aseptically removed from mice (three per group) 2 weeks after the third immunization and pressed through stainless steel mesh. Single-cell suspensions were obtained by filtration through nylon mesh to remove any tissue debris. After erythrocytes were eliminated by hypotonic shock, the spleen cells were resuspended in RPMI 1640 medium (GIBCO) supplemented with 5% fetal calf serum, 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 M ␤-mercaptoethanol, 100 U of penicillin per ml, and 100 g of streptomycin per ml. They were seeded in triplicate in flat-bottom 96-well microtiter plates (Costar) at 5 ϫ 10 5 cells per well in 200 l of culture medium either alone or with various concentrations of TAg or 10 g of concanavalin A (Con A) per ml. The plates were incubated for 3 days under 5% CO 2 at 37°C and pulsed with 37 The results are expressed as ⌬cpm, calculated as the cpm obtained in the presence of the stimulating antigen minus the cpm in the medium alone. Cytokine assays. Spleen cell proliferation was assayed as described above, but the cells were stimulated by being incubated with 15 g of TAg per ml or with the medium alone. Cell-free supernatants were harvested and assayed for interleukin-2 (IL-2) and IL-4 activities at 24 h, IL-10 activity at 72 h, and gamma interferon (IFN-␥) activity at 96 h. The concentrations of IL-2, IL-4, IL-10, and IFN-␥ were determined with an ELISA kit (OptEIA set; Pharmingen, San Diego, Calif.) as specified by the manufacturer. The sensitivity limits for the assays were 10 pg/ml for IL-2 and IL-4, 20 pg/ml for IFN-␥, and 50 pg/ml for IL-10.
Challenge infection. CBA/J mice were infected orally with 70 cysts of the 76K strain 2 weeks after the last immunization. One month after the challenge, mice were sacrificed and their brains were removed. Each brain was homogenized in 5 ml of RPMI medium with a pestle and mortar. The mean number of cysts per brain was determined microscopically by counting eight samples (10 l each) of each homogenate. The results are expressed as means Ϯ SD for each group.
Statistical analysis. Levels of significance of the differences between groups of mice were determined by an analysis of variance test.
RESULTS
Synthesis of MIC3 in vitro.
The entire MIC3 nucleotidecoding sequence (1,155 bp) was inserted into the HindIII and EcoRV sites of the eukaryotic expression vector pcDNA3, under the transcriptional control of the cytomegalovirus early promoter. The resulting plasmid was named pMIC3i. BHK-21 cells were transfected with pMIC3i or empty plasmid, pcDNA3, and the supernatant and the lysates of transfected cells were analyzed on immunoblots (Fig. 1) .
The supernatant (panel a, lanes 3) and lysate (panel a, lanes 2) from BHK-21 cells transfected with pMIC3i showed specific expression of a MIC3 protein recognized by anti-MIC3 MAb T8 2C10 (Fig. 1) . Anti-MIC3 MAb T8 2C10 reacted with protein bands migrating with the molecular weights expected for MIC3 dimers under nonreducing conditions and for monomers under reducing conditions, indicating that dimerization of recombinant MIC3 was obtained in mammalian cells. However, the recombinant MIC3 protein migrated at a higher molecular mass (105 kDa) than the native MIC3 (90 kDa) found in tachyzoites lysate (Fig. 1A, panel a, lanes 1 and 3) . This finding is consistent with the data reported by Cérède et al. (12) , who reported that the recombinant MIC3 produced in BHK-21 cells migrated at a higher molecular mass than native MIC3 did. This difference was attributable to a failure to cleave the MIC3 propeptide in BHK-21 cells. Antiserum to native MIC3 from a T. gondii-infected mouse recognized the recombinant MIC3 dimer (Fig. 1A, panel b, lanes 2 and 3) but did not efficiently recognize reduced recombinant MIC3 (Fig. 1B,  panel b, lane 3) . These results suggested that the B-cell epitopes are conformational and that the recombinant protein is correctly folded and targeted in mammalian cells. In contrast, no immunoreactive material was found in supernatant or lysate of BHK-21 cells transfected with empty plasmid, pcDNA3 (Fig. 1, panels a and b, lanes 4 and 5) . Therefore, pMIC3i appeared to direct the synthesis of an antigenic MIC3 protein by mammalian cells in vitro.
Humoral immune response induced by DNA vaccination. A specific IgG antibody response was generated 2 weeks after the first immunization. In the immunoblot analysis, all tested sera from mice immunized with pMIC3i alone reacted strongly with a single protein band at the expected molecular mass (90 kDa) of the corresponding antigen (Fig. 2) . In contrast, antibodies recognizing the 90-kDa antigen were absent from the sera of mice injected with control plasmid pcDNA3. These findings show that DNA immunization induces antibodies that are able to recognize the native (natural) MIC3 protein found in T. gondii.
To determine the levels of antibody titers, all sera were tested by ELISA using TAg (Fig. 3) . A very high level of specific anti-MIC3 IgG antibody titers was found in the sera of mice immunized with pMIC3i alone or combined with pGM-CSF, especially after the third immunization (the level of antibody titers increased with successive immunizations). The IgG antibody titer was greater in the sera of mice coimmunized with pGM-CSF (17.2 Ϯ 1) than in the sera of mice immunized with pMIC3i alone (14.6 Ϯ 1). In contrast, mice injected with control plasmids pcDNA3 or pGM-CSF did not generate antibodies against MIC3 (Fig. 3) .
Specific anti-MIC3 IgG subclass induced by DNA vaccination. We were also interested in finding whether a Th1 and/or Th2 response to MIC3 was generated by MIC3 DNA immunization. We therefore analyzed the distribution of IgG subtypes (IgG1, IgG2a, IgG2b, and IgG3) specific for MIC3 (Fig.  4) . Both IgG2a and IgG2b were found in the sera of mice immunized with pMIC3i alone or combined with pGM-CSF, and there was no statistically significant difference between the two groups (P Ͼ 0.05). In contrast, neither IgG1 nor IgG3 was Cellular proliferative response induced by DNA vaccination. The splenocytes from mice immunized with pMIC3i alone or combined with pGM-CSF were prepared 2 weeks after the third immunization to assess the proliferative immune responses to MIC3 (Fig. 5) . Marked specific lymphoproliferation was observed in splenocyte cultures from mice immunized with pMIC3i alone when stimulated with TAg (⌬cpm, 25,379 at 30 g of TAg per ml). This proliferation was further increased when pMIC3i was combined with pGM-CSF (⌬cpm, 50,457 at 30 g of TAg per ml). In contrast, splenocytes from mice immunized with control plasmid pcDNA3 did not proliferate when stimulated with TAg.
Cytokine production. The supernatants of splenocytes cultured from mice immunized with pMIC3i alone or combined with pGM-CSF were harvested at different times after the restimulation with TAg and assessed for the production of IFN-␥, IL-2, IL-4, and IL-10 (Table 1) . Very large specific amounts of IFN-␥ were produced in the supernatants of restimulated splenocyte cultures from mice immunized with pMIC3i combined with pGM-CSF. The splenocytes from mice immunized with pMIC3i alone displayed stong specific proliferation when stimulated with TAg, but nonspecific production of IFN-␥ was observed. Specific amounts of IL-2 were also synthesized by the restimulated splenocytes from the mice immunized with pMIC3i alone or combined with pGM-CSF. In contrast, no specific release of IL-4 and IL-10 from any culture supernatant was demonstrable. These findings confirm the results obtained with the anti-MIC3 IgG subclass, indicating that a Th1 immune response was induced by MIC3 DNA immunization.
Effective protection of DNA vaccination in mice. To test whether DNA vaccination induced effective protection against T. gondii infection, the immunized mice were orally challenged with 70 cysts of T. gondii 76K 2 weeks after the last immunization. One month after the oral challenge, the cysts in the brains of the mice were counted (Table 2 ). Effective and highly significant protection was obtained in the mice immunized with pMIC3i alone, which had 58, 45, and 57.5% fewer brain cysts than did the mice immunized with pcDNA3 (negative control) in experiments 1, 2, and 3 respectively (Table 2) . Coadministration of pGM-CSF potentiated the protection. The mice immunized with pMIC3i plus pGM-CSF had 67, 73, and 74% fewer brain cysts than did those immunized with pcDNA3 in experiments 2, 3, and 4 respectively ( Table 2) . These results demonstrated the protective effect of MIC3 DNA against T. gondii infection.
DISCUSSION
In this study, we have demonstrated that a DNA vaccine encoding the novel target antigen, MIC3 protein, of T. gondii is a simple and potent vaccine that elicits a strong specific immune response, as well as providing significant protection against T. gondii infection. We also demonstrated that combination of a plasmid encoding GM-CSF enhances both the immune response and the protection provided.
The first characteristic of DNA vaccination is that the anti- It has a putative hydrophobic N-terminal signal sequence, a potential site of N glycosylation, 34 cysteine residues, and 12 putative phosphorylation sites (23) . The lectin-like domain is responsible for the adhesion. The N-terminal propeptide cleavage and the C-terminal dimer formation are needed for the cell binding function of the MIC3 protein (12) . The BHK-21 cells transfected with pMIC3i expressed a dimeric recombinant MIC3 protein that was secreted into the supernatant as well as being present in the cell pellets. It had an apparent molecular mass (ϳ105 kDa) that was ϳ15 kDa greater than that of the native MIC3 protein found in the tachyzoite lysate. These results are consistent with those of Cérède et al. (12) , who demonstrated that the increase in size of the recombinant protein was due to a failure to cleave the MIC3 propeptide in BHK-21 cells; this was confirmed by probing the immunoblot with a specific anti-propeptide serum (12) . These authors also showed that the presence of the propeptide inhibited the adhesive function of the MIC3 protein but that it remained antigenic, because it was well recognized by serum from a T. gondii-infected mouse.
Furthermore, we have shown that the recombinant MIC3 protein produced in vivo by DNA vaccination was immunogenic, because all the CBA/J mice immunized i.m. with pMIC3i either alone or combined with pGM-CSF produced specific anti-MIC3 IgG antibodies that were able to recognize the native MIC3 protein found in T. gondii as detected by Western blotting. Very high specific anti-MIC3 IgG antibody titers developed in mice immunized with pMIC3i alone as determined by ELISA, especially after the third immunization. This could be attributable to the secretion of the MIC3 protein by the cells (20) . Association with pGM-CSF increased the antibody titers, in agreement with findings reported by a number of investigations (35, 41) .
A specific cellular immune response, characterized by significant splenocyte proliferation, was observed in response to TAg in mice immunized with pMIC3i alone. This proliferation was greater in mice immunized with pMIC3i plus pGM-CSF, as had already been reported (26, 35) .
One of the goals of a vaccination protocol is to be able to direct the T-helper response in the appropriate direction. For T. gondii, it has been demonstrated that a naturally occurring infection gives rise to a Th1-biased response (17) . This suggests that a good vaccination protocol will direct T-helper cells toward a Th1 rather than a Th2 response. We evaluated the T-helper response of vaccinated mice in two ways. The first was to determine the isotype nature of the IgG response achieved during DNA vaccination. The immunized mice exhibited preferential production of IgG2a and IgG2b, without any statistically significant difference between the mice immunized with pMIC3i alone and those which also received pGM-CSF. This indicates that the response was oriented toward a Th1-type response, which was confirmed by analysis of the cytokine production. As a result, large amounts of IFN-␥ were produced in the supernatants of restimulated splenocyte cultures from mice immunized with pMIC3i plus pGM-CSF. The splenocytes from mice immunized with pMIC3i alone exhibited strong specific proliferation when stimulated with TAg, but nonspecific production of IFN-␥ was observed. Some studies indicate that the IFN-␥ production by antigen-specific T cells may have been obscured by the high level of nonspecific production induced by total T. gondii lysate (38) . Specific amounts of IL-2 were also synthesized by the restimulated splenocytes from the mice immunized with either pMIC3i alone or pMIC3i plus pGM-CSF, whereas there was no detectable production of IL-4 and IL-10, which is consistent with a Th1-type response. GM-CSF is generally thought to enhance antibody production and T-cell proliferation without changing the orientation towards a Th1-or Th2-type immune response (18) .
We evaluated the protection induced by MIC3 DNA vaccination by orally infecting vaccinated mice with 70 cysts of the T. gondii 76K strain. An effective and highly significant degree of protection was obtained in mice immunized with pMIC3i either alone or combined with pGM-CSF, in comparison with the protection in control pcDNA3 mice. Coadministration of a plasmid encoding GM-CSF enhanced the protection against T. gondii infection, which was in agreement with previous data (18) showing that immunization of C57BL/6 mice with a DNA plasmid encoding the GRA4 protein of T. gondii plus plasmid encoding GM-CSF enhanced protection against the acute and chronic phases of T. gondii infection. The plasmid encoding GM-CSF was also used with a DNA plasmid encoding the SAG1 protein of T. gondii (5) .
In conclusion, this study shows that a plasmid DNA encoding the MIC3 protein of T. gondii induced strong specific humoral and cellular immune responses, as well as effective, highly significant protection in immunized CBA/J mice. Moreover, this is the first demonstration that the MIC3 gene of T. gondii is a potent and effective vaccine candidate against toxoplasmosis. Coadministration of the plasmid encoding GM-CSF considerably enhanced both the immune response and the protection. The effects of GM-CSF could be increased by adopting a bicistronic DNA vaccine strategy (6) . Because the main objective of vaccination against T. gondii is to prevent infection of the fetus, the efficacy of the pMIC3i vaccine against congenital toxoplasmosis in animal models and in relevant animals, such as sheep, needs to be evaluated. Finally, the coadministration of plasmids encoding potential candidates for vaccination can probably enhance the protection (19, 30) . It may be possible to provide complete protection against T. gondii infection by such a strategy, if pMIC3i is combined with other relevant and previously described candidates, such as SAG1 and GRA4.
